(Received 21 January 1960)
The enzyme aldolase, which catalyses the reversible splitting of fructose diphosphate, is of universal distribution amongst those living things which catabolize glucose by the Embden-Meyerhof route (Stumpf, 1954) . In fact, since aldolase constitutes a 'key' enzyme in the reactions of anaerobic glycolysis its existence has been used as an indication of the presence of this pathway in various micro-organisms (Gunsalus, Horecker & Wood, 1955) .
Recently, interest has been focused upon properties of the enzyme illustrated by the work of Rose & Rieder (1958) and the studies of Krishna , which have been concerned respectively with the mechanism of aldolase action and with its metal-ion activation in muscle, yeast and bacteria. Aldolase activity has been demonstrated in Spirochaeta recurrentis (Smith, 1960) and, as nothing is known about this enzyme in spirochaetes, a general study was made of its properties. On the results of work reported here, evidence is presented for the existence of a metallo-aldolase in this micro-organism.
EXPERIMENTAL Methods
Isolation of spirochaetes from the blood of infected rats and preparation of cell-free extracts have been described by Smith (1960) , as have the methods for determination of extinction, nitrogen and protein.
Abbreviations. The following abbreviations have been used in this paper: FDP, D-fructose 1:6-diphosphate; EDTA, ethylenediaminetetra-acetate (sodium salt); PCMB, p-chloromercuribenzoate.
Aldolase assay. The purified enzyme prepared from rabbit-skeletal muscle, which was used in FDP determinations, was assayed by the Warburg & Christian (1943) procedure as modified by Taylor (1955) .
With crude extracts optical assay cannot be relied upon to provide accurate information, and therefore aldolase activity of spirochaetal extracts was measured by the Bard & Gunsalus (1950) modification of the Sibley & Lehninger (1949) technique as described by Smith (1960) . The activity of the extracts was expressed in jsg. of alkalilabile phosphorus produced/hr./mg. of protein by using the factor 10-8, after the manner of Bard & Gunsalus (1950) for an exactly similar assay system calibrated with purified FDP.
pH measurements. Determination of optimum pH of the spirochaete aldolase was carried out in veronal-acetate buffer (Michaelis, 1931) (Gilbert, Otey & Price, 1951; Rabin, 1955) . In addition, tubes in which metal ions and cysteine were present were gassed with hydrogen, as used by Jagannathan, Singh & Damodaran (1956) , to avoid the atmospheric oxidation of Fe2+ and Co2+ ions. Dialysi8. Dialysis of diluted cel-free extracts was carried out in cellophan tubing (Visking-Nojax, U.S.A.), previously cleaned by boiling with water and soaking according to the method described by Klotz & Hughes (1956) . To ensure thorough mixing of the contents glass beads were enclosed in the dialysis sacs.
Material8
General reagents were ofAnalaR grade wherever possible. FDP was prepared by yeast fermentation, after the method of Neuberg & Lustig (1942) , and purified as the magnesium salt (Neuberg & Sabatay, 1925) . This salt was converted into the sodium salt as previously described (Smith, 1960) . FDP samples were assayed optically with rabbit-muscle aldolase and glyceraldehyde 3-phosphate dehydrogenase (Cori, Slein & Cori, 1948) . Reduced glutathione, dipyridyl, 8-hydroxyquinoline and EDTA (disodium) were commercial preparations. Cysteine hydrochloride and PCMB were gifts.
800O SPIROCHAETES RESULTS
Previous experiments (Smith, 1960) have shown that extracts of S. recurrenti8 contain an active diphosphofructoaldolase, and that enzymic activity is located within the soluble portion of the organism. These findings were confirmed and experiments extended to examine the following properties.
Enzyme concentration and activity. The rate of the aldolase-catalysed splitting of FDP was found to be linear over the range 10-60,ug. of protein. For this reason tests were arranged to contain from 10 to 60jug. of protein/2*5 ml. of reaction mixture. pH optimum. Experiments over the range pH 7 5-9 5 show that the optimum for S. recurrenti8 aldolase lies at or about pH 8-75 (Fig. 1) . The activity rises sharply before the optimum and falls off less rapidly thereafter.
Effect of sub8trate concentration. Examination of the curve showing reaction velocity-FDP concentration ( Fig. 2 ), reveals that under these experimental conditions reaction velocity was maximal at a substrate concentration of about 3 mM. An approximate value for the Michaelis constant derived from the experimental curve (Michaelis & Menten, 1913 ) is 1-4 mm. It must be emphasized that this value is an approximation, owing to the 7001- 1-5 ml. of veronal-acetate buffer, 0-14M, of pH shown; 0-25 ml. of 0-56m-hydrazine sulphate; 0-20 ml. of cell-free extract, diluted with 0-9 % NaCl to contain approx. 25 pg.
of protein; 0-20 ml. of FDP, 15j.moles; water to 2-5 ml.
Temp. 37°. Substrate was added at zero time. Incubated for 15 min. Blanks had the same contents as listed above, but substrate was added after 2 ml. of 10 % (w/v) trichloroacetic acid had been used to stop the reaction. IS] (mm) unpurified nature of the extracts used. For the same reason demonstration of activity of the spirochaetal enzyme towards other substrates such as fructose 1-phosphate, as has been shown for liver aldolase (Leuthardt & Wolf, 1954) , was not attempted. Effect of metal-binders and activators on aldolase. The requirement of S. recurrentis aldolase for metal ions and the presence of intact sulphydryl groups for full activity was investigated by means of metal-complexing agents, sulphydryl reagents and a sulphydryl-group inactivator. Experiments were set up in which the enzyme was exposed to EDTA, 8-hydroxyquinoline, dipyridyl, or to cysteine, glutathione or PCMB (Hellerrnan, Chinard & Deitz, 1943) as detailed below. The bivalent metal ions Fe2+, Co2+, Mg2+, Mn2+ and Zn2+ also were used.
(a) Effect of metal-binders and suiphydryl reagents. Table 1 shows the effect on aldolase activity of the metal-ion chelators mentioned above. Included in this table is the effect of pre-incubation of the cellfree extract in the presence of PCMB, and of equivalent amounts of cysteine and glutathione. It can readily be seen that, of the chelating agents, EDTA, an efficient bivalent-cation-binder, inhibited most effectively, whereas 8-hydroxyquinoline and dipyridyl did so to a less extent. PCMB completely inhibited enzyme activity at both the concentrations used, and cysteine and reduced glutathione enhanced the activity considerably; this has been shown to be characteristic of sulphydryl-group-requiring enzymes (Madsen & Cori, 1956) . From these results it was concluded that S. recurrenti aldolase is probably a sulphydryl enzyme requiring metal ions for full activity.
(b) Effect of bivalent-metal ions. The ions Fe'+, C02+, Mg2+, Mn2+ and Zn2+ were investigated. These metals were chosen because of the role they frequently play in biological systems (Williams, 1953) .
Solutions of the hydrated sulphates of the metals were prepared to give final concentrations of 0 4 mM; earlier tests revealed that double or treble this concentration was too great for the enzyme dilution used and made comparison difficult. Preincubation of the enzyme with the metal was a prerequisite for full effect. (c) Effect of metal ions plus cysteine. The combined effect of metal ions and cysteine upon the system was tried. The order in which cell-free extract, metal ion and cysteine were added, and the quantities, were found to be of the greatest importance in obtaining reproducible results. In the system finally adopted the metal ion was added immediately after the extract and about 10 min. at 370 was allowed for activation to take place, the assumption being that the metal combines first with the protein, as reported by Malmstrom (1954) Tubes contained: 1-5 ml. of veronal-acetate buffer (014M), pH 8.5; 0-25 ml. of 0-56M-hydrazine sulphate, pH 7.6; 0-20 ml. of cell-free extract, diluted to contain 25 pg. of protein; 0-15 ml. addition, 0-2 ml. of FDP, 15 ,umoles; water to 2-5 ml. Tubes were pre-incubated at 370 for 10 min. after making additions. Reaction was started by adding FDP and allowed to proceed for 15 min. Appropriate blanks contained additions but no FDP. Colour development was by the usual method. Tube contents, in duplicate, consisted of 3 ml. of cellfree extract diluted five times with ice-cold 0 9% NaCl, pre-incubated for 10 min. at 370 in the presence or absence of metal ions (5 mM). Solutions were then placed in dialysis sacs each immersed in 50 ml. of 0 9 % NaCl, and rocked mechanically for 48 hr. at 20. The 0 9 % NaCl was changed once during this time. Undialysed controls were preincubated for the same length of time and also kept at 20. Activity assays were then carried out. Bard & Gunsalus (1950) , no clear-cut conclusions on the role of metal ions could be drawn from the results of dialysis experiments. It was noticed, however, that dialysed extracts appeared to retain their aldolase activity longer than undialysed ones. Pre-incubation in the presence of Co2+ ions resulted in a more rapid loss of activity on storage or dialysis than did pretreatment with Zn2+ ions. Lastly, in some way zinc appeared to preserve the activity of the undialysed extract. These results are summarized in extracts. With pure enzyme preparations the optical assay is the method of choice, and by its means Baranowski & Niederland (1949) found a pH optimum of 6.7-7-5 for crystalline rabbitmuscle aldolase. These authors supposed that trapping by chemical means becomes incomplete at pH values below 9, thus simulating a decrease in the rate of aldolase activity. This may be the reason for the highvalue of pH 9 quoted byHerbert, Gordon, Subrahmanyan & Green (1940) and by Peanaskey & Lardy (1958) , who used cyanide to trap the trioses formed in the muscle-and liveraldolase reaction. There may be reason to believe that this is the case with hydrazine also, for S.
recurrenti8 aldolase activity falls off sharply on either side of pH 8-5-9-0. However, Bard & Gunsalus (1950) , Baernstein & Rees (1952 ), Baernstein (1954 and Srikantan, Krishna Murti & Shrivastava (1958) all used hydrazine as a trapping agent and were able to show different pH-dependent behaviour for their enzyme preparations. The general shape of the curve for S. reourrenti8
aldolase most closely resembles that of Bard & Gunsalus for Clo8tridium perfringens. Moreover, the optimum reported in the previous paper for the diphosphopyridine nucleotide-reducing system with FDP as substrate and catalysed by spirochaetal extract also lay between pH 8 and 9.
There is a close correlation, too, between the Km 1-4 mm for FDP in the aldolase-catalysed reaction and the optimum FDP concentration in the diphosphopyridine nucleotide-reducing system. It seems probable therefore that the rate-limiting reaction in the system is the aldolase-catalysed splitting of FDP. The Km value obtained here is close to the value of 1 3 mm derived from the experimental data of Srikantan et al. (1958) for the partially purified aldolase of Pa8teurela pesti8, examined under similar test conditions. Values for purified and unpurified aldolase from different sources have been obtained by various workers and a list of some of these is included in Table 4 . Most of the Km figures quoted are about 1 mm, depending upon the conditions of assay. One of the difficulties in drawing comparisons of this kind lies in variation in experimental parameters affecting the Michaelis constant (Dixon & Webb, 1958) , so that often there is no common ground on which to compare differences.
The most striking character affecting the activity of aldolase is perhaps its behaviour towards metal ions. Depending upon its source, the enzyme either does or does not require the participation of metal ions for maximal activity. Herbert et al. (1940) , for instance, showed that traces of heavy metals inactivated the crystalline enzyme from rabbit muscle. By contrast, the enzyme from yeast first isolated by Warburg & Christian (1942) does not 33 show full activity unless previously incubated in the presence of either bivalent zinc, cobalt, iron or copper ions. In this respect the muscle enzyme appears to stand alone, because aldolases from Clo8tridium perfringen8 (Bard & Gunsalus, 1950) , C. butyricum (Gavard, 1954) , A8pergillus niger (Jagannathan et al. 1956 ) and Pasteurella pe8ti8 (Srikantan et al. 1958 ) also show bivalent-metal activation; the clostridial and Paateurella aldolases are, in addition, cysteine-activated (see Table 4 ).
In the experiments described above both cobalt and zinc were found to exert an activating effect upon the spirochaetal enzyme. With cysteine, however, zinc appeared to be inhibitory. This behaviour might be explained if it is tentatively assumed that cobalt is the natural activator of S. recurrentis aldolase, and that zinc is able to replace it under certain conditions. Both zinc and cobalt are readily chelated by cysteine (Albert, 1952) , the association constant for zinc being somewhat higher than that for the other ion. Consequently if zinc were not so firmly bound to the enzyme it might be removed more easily by the cysteine. In addition, experiments showed that zinc was able to relieve the inhibition produced by EDTA, but not to such an extent as cobalt. If the above assumption is correct therefore, it is probable, because of the close similarity of Co2+-and Zn'+-EDTAcomplex association constants (Martell & Calvin, 1952) that EDTA also is able to remove some of the zinc from the protein. By reason of its close similarity to cobalt in ionic radius and electronegativity (Wold & Ballou, 1957) it seems hardly surprising that zinc can substitute for cobalt in the activation of S. recurrenti8 aldolase. In fact the data given in Table 4 show that a proportion of aldolases are activated by these metals.
The significance of the finding that metal ions are themselves an indispensable feature of the activity of the spirochaete enzyme is emphasized by recent work on the classification of plant and animal aldolases on the basis of their inhibition or noninhibition with EDTA (Bertrand & De Wolf, 1958) .
These authors' results show that greatest metal-ion dependence appears to exist among the aldolases of the lower forms of life of both plant and animal kingdoms. This being the case, it is felt that closer attention to purification of the aldolase of S. recurrenti8, and the enzyme from other sources, may reveal the presence of a single-enzyme single-metal relationship similar to that existing amongst the zinc metallo-dehydrogenases. SUMMWARY 1. Some of the properties of a diphosphofructoaldolase in cell-free extracts of Spirochaeta recurrenti8 have been studied. Bioch. 1960, 76 Vol. 76 513
